Abstract: Forming tools play a very important role in the production of shaped bolts with the use of plastic forming method. In industrial practice, the technological process of conventional shaping is the cold forming plastic, which causes a considerable wear of shaping tools. Properly designed, constructed and operated tool enables to provide high quality products at a sufficiently high volume of production, low cost, and the required level of security. Consequently, this will allow the company to compete effectively in today's market. The paper shows the numerical analysis of stress prevailing in the die during the implementation of forging of hex internal Allen bolts depending on the size of the applied interference. The research has allowed determining the impact of interference, among others, on the distribution of hoop stress in the die during the manufacturing process of the bolts.
INTRODUCTION
Bolted joints are widely used in all industry branches including the devices such as turbines, compressors designed for automotive industry, compressors designed for the aerospace industry, steam turbines, gas turbines, etc. The use of such connections makes it possible to dismantle and reassemble parts without replacing the connectors, which are sets of bolt joints. Bolts, as the elements connecting components and assemblies machines, are subjected to high demands as a huge percentage of these elements work in different environments, e.g. high aggressiveness. The advantage of Allen head bolts is a possibility to use them in places where the diameter of the head is only slightly greater than the diameter of the thread pin ( Fig. 1) [1] . Moreover, the bolting or unbolting of such bolts do not require additional space on a plane perpendicular to the axis of the bolt, which allows the use of this type of bolts with limited side. The heads of the bolts made of the same materials and the same strength may be smaller in diameter in the case of using Allen key than in the case of spanners. In turn, the advantage of the Allen bolt is not slipping out the key (bolt driver) from the bolt in low pressure in the direction of the bolt axis. In turn, the main measure of the quality of the tool is its reliability or the ability for long-term operation without defects. Reliability of the tool is closely related to its life. The definition of the tool life in this case is very flexible due to the large number of the determining factors. In industrial practice, the adverse phenomenon that may occur during the forging of bolts is e.g. tools cracking or other tools elements, their intense wear or permanent deformation. Thus, the tool life will be determined in each case by three destructive phenomena -cracking, wear and permanent deformation. Each of these effects will be present with a different intensity for various initial state of the tool. The forming tools play a very important role in the production of shaped bolts. In industrial practice, the technological process of conventional shaping is the cold forming plastic, which causes a considerable wear of shaping tools. Properly designed, constructed and operated tool enables to provide high quality products at a sufficiently high volume of production, low cost, and the required level of security. Consequently, this will ensure the company to compete effectively in today's market. Tool life and its usefulness for production depend on a number of factors, which often cause opposite effects. There are no clear criteria for the selection of materials and one needs to largely base on the experiences of producers and users of tools, including the possibilities offered by modern information technology tools in the form of computational programs supporting engineering in the analysis of processes and the design of tooling. Thanks to that it is possible to use simulations of data processes without having to conduct long-term experimental studies [2÷12] . Already, at research stage, the simulations can take into account certain factors and phenomena that have an unfavourable impact on the tool, and then design the process and instrumentation to eliminate them or at least limit to a certain extent.
The finite element method (FEM) is now a widely used engineering calculation tool. In most large and mediumsized enterprises the production cannot start before the specified properties of a product are positively verified using FEM. The main FEM assumption is a division of the continuous geometrical model into finite elements, connecting in so-called nodes, which results in the creation of a discrete geometric model. During the calculation with the use of the FEM any other physical quantities represented in the system by means of continuous functions (e.g. the load restraint, displacements, stresses) also undergo discretization. During discretization of specific physical size one tends to the maximum approximation of its discrete and continuous form using the approximation method. Therefore, when designing bolted connections, one should build a preliminary numerical model, which reflects the real object. Moreover, such a model will allow shortening the design process. Several studies include information confirming the possibility of modeling by MES of the selected technological operations occurring in the production of fasteners. For example, the works [13, 14] relate to simulation of various steps in the production of selected kinds of bolts using the Q form 3D software. There were described the simulation results of operations of upsetting the head and the diameter of the mandrel forming the rolling thread. The deformations distribution with the characteristic silent zones was obtained. In turn, in the work [13] an attempt was done to simulate the technological operation of manufacturing of hexagonalhead bolt in the technology of the head manufacturing by upsetting hexagonal in the die using non-waste technology. During upsetting the hexagon some unfilled sections occurred and the flash which disqualifies the product as incompatible with the relevant standards.
Due to the strongly developing large-scale modelling methods and mathematical models of describing the structure of [15÷22] in the literature one can find a combination of finite element method with cellular automata method [23, 24] applied to analyse the production process of fasteners. Simulation by CAFE method enables simultaneous calculation of the phenomena occurring in the macro and micro scale. In [25] CAFÉ was used in the simulation of technological process of the head upset in the manufacturing of fasteners during production of a hexagonal bolt. It was shown that the large-scale simulation method gives great opportunities to predict the development of micro-cracks as well as the accurate determination of actual local deformations.
The subject of the study were also the issues of bolt movement while trimming [26÷29] and an analysis of nearly full technological process of forging fasteners incorporating the technology of production of hexagonal bolts for additional drawing operation [30, 31] . Research concerning the bolts was also presented in the works [32÷35]. In paper [32] the shrink fitting ratio was introduced by dividing the interference by the inner radius of the stress ring. In paper [33] was described the experience with cold forming of bolts, made of microalloyed steel, specially designed to enable elimination of thermal treatment. The paper [34] presents a new approach for the prediction of ductile fracture occurrence in multistage cold forging process chains. In turn in paper [35] experimental tests have been completed for high-strength 8.8 bolts for studying their mechanical performance subjected to tensile loading.
An analysis of abrasive wear of forming tools and an analysis of the impact of charge parameters selection to the process of manufacturing of hex bolts on their way of wear was carried out in [36, 37, 38] . One analysed the impact of a change in the diameter of wire rod in the drawing process on the dies wear, and then how this choice affects the wear of dies forming the coupling element in the cold forging.
The aim of the article is to show the use of numerical modelling for an analysis of the process of forming hex internal (Allen) bolts. Numerical simulations aimed primarily to analyse the distribution and stress values prevailing in the die during the forging operation, depending on the size of the applied interference.
EXPERIMENTAL PROCEDURE
The research subject was shaping operation of the Allen bolt head with the biggest die load. Prior to the numerical studies, an analysis was done of instrumentation and tools in the process realized experimentally in industrial conditions. Geometric model of instrumentation used in the numerical model was constructed based on the experimental model. The process for the bolt preparation takes place in several stages. The wire is fed into the machine where it is cut into appropriate lengths; then the desired shape is formed by the sequential steps of the recess, and the thread is rolled (Fig. 2) . Most of the machines used to implement the process of bolts cold forging are horizontal presses, but there are also so-called vertical nailing machines. In all, the ultimate shape of the product depends on the upset and punch (one side) and the die (second). Punches are the kind of suitably shaped hammers, which deform the detail fixed in the die from the other side. The size of the forging (deformation) obtained during one stroke (at one station in the multi-die machine) is a function of the mechanical properties of the workpiece and the complexity of the workpiece [5] .
In the present case, the process of bolts cold forging was implemented on the machine type SACMA SP38 EL. The bolts were made of steel type 30MnB4. The die of ∅12,51 was applied. Mechanical properties of the bolt material (yield strength and the course of the strainhardening curve) were determined based on the static tensile test conducted on testing machine Zwick/Roell Z100.
As previously noted, in current technology a bolt is made during several steps (Fig. 2) . Many years of industrial practice show that the lowest durability have the tools for the implementation of the fourth operation. It can be concluded that in this operation there is the biggest load of tools, which not only causes their most intense wear, but often leads to the formation of dangerous cracks in the tools. Therefore, this study was conducted for the fourth operation. As it is known, the tools for making bolts comprise a number of components that have to withstand high mechanical and thermal loads, and therefore have high durability. An experiment allowed isolating the most vulnerable places for loss of consistency or the use of tools, which translates into durability as one of the causes of these phenomena, can be badly chosen mounting interference. In industrial practice, the values of interference have been estimated. Therefore, the appearing negative phenomena prompted to perform numerical modelling to give an answer to the question what contributes to the occurrence of the aforementioned negative phenomena, and to take an attempt to eliminate them.
NUMERICAL MODELLING
Numerical calculations were performed using commercial software MARC/Mentat MSC Software. The process of forming the bolt was modelled in the fourth operation assuming several design variants of tools. The first involved the die without interference, three consecutive with an application of various mounting interference. This approach has allowed, among others, to determine the places of high stresses intensity between the die material and the material of the bolt. Furthermore, an analysis was done of the possibility of reducing unfavourable stresses in the die of the same size load, using interference mounting. For the test case, the relationship between the stress and the magnitude of interference in the considered range was shown. Material properties of the bolt were described taking the model of elastic-plastic body of nonlinear strain hardening. A two-dimensional geometric model of the process was built and then it was analysed on the assumption of axial symmetry (axisymmetric model). The geometric model consisting of seven deformable bodies that are in contact with each of "touching" type has been shown in Fig. 3 .
The friction model was described by Coulomb's law. The coefficients of friction between the bolt and the die were 0,1 and between other tools 0,15. For the construction of the finite element mesh of the deformed materials elements of class 4 type 10 -axisymmetric quadrilateral ring [39] were applied. Numerical simulation was performed using the global remeshing option. The size of the die elements and the bolt was approximately 0,20 mm, while other materials approximated 0,4 mm. In the research three different values of the mounting interference, i.e. 0,003 mm; 0,006 mm; 0,009 mm were analysed, determining the hoop stresses occurring between the die and the housing during the forming of the bolt head. To determine the mounting interference δ the following formula was used:
Where: D zw -external die diameter, mm; D wp -internal diameter of tool hollow, mm.
RESULTS AND DISCUSSION
The number and variety of factors affecting the tool life is difficult to define clearly. One of the main factors affecting the tool life is to follow technological parameters in the production, e.g. a suitable choice of mounting interference. Fig. 4-5 show the stress distribution in the bolt die and the degree of interference equal to 0,009 mm at the time of contact between the bolt and the die (Fig. 4) and during the final stage (Fig. 5) . Fig. 6 shows the stress distribution in the die during the production of bolts without using the interference and with an application of three different interferences between the die and the bolt. One needs to pay attention to the stresses that occur in individual cases due to the adoption of different scales for different variants.
In the case of the die where the interference has not been applied, the highest hoop stresses equal to 1240 MPa were observed. The use of mounting interference 0,003 reduced the stress by about 2,5%. The use of interference twice as much equal to 0,006 mm resulted in a slight decrease in the value of hoop stress in comparison with the interference of 0,003 mm at slightly above 3% reaching a value of 1200 MPa. The lowest values of the hoop stresses were recorded for the interference of 0,009 mm, and compared with those that were achieved without the use of interference, they were reduced by more than 7%, amounting to 1150 MPa. Fig. 7 shows the distribution of replacing plastic deformation in the bolt head in the final phase of the process. 
CONCLUSION
The results presented in the article are an example of a computer-aided design technology and an analysis with special emphasis on the proper selection of process conditions required to obtain a high quality product (indications of places exposed e.g. to cracking, determination of the influence of interference on the distribution of hoop stresses), at a minimum cost (reduction of wastage). The example of the process of cold forging of the bolt with hexagonal head has been considered. The influence of different values of interference on the proper selection of process parameters and their influence on the final result as the shape of the product and tool life have been discussed.
It has been observed that the use of interference equal to 0,009 mm resulted in the greatest decrease in the value of hoop stresses in the die compared with other accepted values of interference, which may cause that the die material in the entire area will be more evenly loaded and, consequently, will reduce the level of stresses, which from the point of consumption and service life is very beneficial. However, one needs to keep in mind that the use of too large interference increases the risk of cracks appearing in the tools. In engineering practice, during the selection of the interference, it should be noted that during tools loading the stress gradients should be as low as possible. The results indicate the existence of the relationship between the applied values of the interference and the values of stresses in the dies with the application of the mounting interference.
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